Background: Using the techniques of molecular biology, recent experimental studies have shown that
Immediate-Early Genes Cerebral ischemia induces a rapid and transient (2 to 8 hours after ischemia) synthesis of proto-oncogenes c-fos and c-jun in the hippocampus after 5 minutes of ischemia in gerbils.6'7 The synthesis is prominent in the dentate gyrus and CA3, which are resistant to ischemia, but is minimal in the CA1, which is vulnerable to ischemia. Onodera et a18 reported a transient and dramatic induction of c-fos mRNA in the cerebral cortex 30 to 90 minutes after 20 minutes of forebrain ischemia in the rat, but no induction of c-myc mRNA.
The significance of increased c-fos expression after ischemia is largely unknown. The products of c-fos and c-jun form a complex with one another that is associated with transcriptional control elements of DNA containing AP-1 sites and mediate long-term responses to signals that regulate differentiation. 9 Thus, c-fos may serve as a master switch to upregulate other genes in response to exogenous stimuli. 10 Furthermore, Abe et all' showed an induction of the zinc finger gene in the cerebral cortex 18 Their results showed that HSP70 staining is much lower in the CA1 neurons, which are destined to die following 10 minutes of ischemia in gerbils, than in CA3 and dentate granule cells, which are resistant to ischemia. Therefore, a crucial role of HSP70 in neuronal survival after ischemia was suggested. However, studies in rats have shown that HSP70 protein is induced in the CA1 subfield of the hippocampus after 10 minutes of transient ischemia although the CA1 neurons die later, indicating that the vulnerability of CA1 neurons is not due to their inability to synthesize HSP70 protein. 19 Abe et a120 examined the induction of HSP70 mRNA in the cortex and the CA1 subfield of the hippocampus after 10 minutes of ischemia in gerbils. HSP70 mRNA was induced after ischemia. The levels of HSP70 mRNA reached a maximum at 8 hours, and then declined. The amount of increase in HSP70 mRNA was relatively smaller in CA1 neurons at 8 hours than in the cortex. However, the induction of HSP70 mRNA continued up to 2 days in CA1 neurons, when the amount of the mRNA in the cortex had already decreased below the level of CAl. Continuous elevation of HSP70 mRNA in the CA1 suggests that CA1 neurons are under persistent stressful conditions after ischemia. However, at 4 and 8 hours, lower mRNA levels in the CA1 as compared with levels in the cortex suggest a limitation of mRNA induction in CA1 neurons. These findings suggest that CA1 neurons do not produce enough HSP mRNA after ischemia. Nowak et al,2' on the other hand, examined HSP70 mRNA induction after 5 minutes of ischemia in gerbils using in situ hybridization. They also showed persistent HSP70 mRNA induction in the CA1 subfield of the hippocampus until neuronal death takes place. Disturbance of HSP70 synthesis at the translational level and possibly also at the transcription level is suggested in the gerbil CA1 hippocampus after ischemia, which may provide a molecular correlate of excitotoxic mechanisms mediating delayed neuronal death.
Impaired ubiquitin synthesis has also been shown immunohistochemically in hippocampal CA1 neurons after ischemia in the rat and the gerbil.22 '23 The synthesis of this low molecular weight HSP is restored in the CA3 and the dentate gyrus after ischemia but never recovered in the CA1 subfield in which the neurons are destined to die. Hayashi et al24 '25 showed that high molecular weight ubiquitin-protein conjugates increase after ischemia, suggesting an increase in denatured proteins, although immunohistochemical ubiquitin staining decreases. Ubiquitin binds to abnormal protein produced by harmful stresses, and the ubiquitinated proteins are degraded. Because loss of ubiquitin leads to an accumulation of abnormal proteins, impaired synthesis of ubiquitin after ischemia may also play a critical role in ischemic neuronal death.
HSPs show a high degree of conservation from bacteria to mammalian cells. Furthermore, the induction of HSPs is also a highly conserved cellular response to a wide range of harmful stresses, such as high temperature, heavy metals, amino acid analogues, and ischemia. However, the biological significance of HSPs in the brain is unclear. HSPs are thought to control conformation, stabilization, and transport of normal and partially denatured proteins. HSP70 is essential for the restoration of normal ribosome assembly, promotion of new ribosomal synthesis, and acceleration of the recovery of nucleolar morphology after heat shock26'27 by ATPdependent mechanisms.28 Stress response is vital for cell recovery and survival after various harmful stresses. Therefore, if HSP70 is produced in sufficient amounts after ischemia, this protein may protect against neuronal death.
At present, no report has shown that the immediateearly genes regulate HSP70 gene expression, although gene expression of the immediate-early genes occurs earlier than the induction of HSP70 mRNA.
Amyloid Precursor Protein
Amyloid precursor protein (APP) has been shown immunohistochemically to accumulate in the periphery of the cerebral ischemic focus and in the CA3 subfield of the hippocampus and the neocortex after transient ischemia. 29 Recently, it was demonstrated that bFGF-like immunoreactivity and its mRNA level increase in reactive astrocytes in the hippocampus and cortex after transient forebrain ischemia in the rat,49'50 suggesting that bFGF may contribute to the repair of damaged tissue. Furthermore, bFGF immunoreactivity increases not only in astrocytes in the ischemic focus after middle cerebral artery occlusion in the rat, but also in neurons in the surrounding neocortex. 51 Kato et a152 observed that bFGF binding sites appear on the ischemic neurons in the dorsolateral striatum after 15 minutes of middle cerebral artery occlusion in rats, indicating that the appearance of bFGF-binding sites in ischemic neurons may contribute to their repair. Furthermore, a continuous infusion of bFGF into the cerebral ventricle rescues axotomized (fimbria-fornix transected) basal forebrain cholinergic neurons even in the mature central nervous system.53 Although a single injection of bFGF to the CA1 subfield before ischemia was not protective against CA1 pyramidal cell damage in rats,54 continuous infusion of bFGF into the lateral ventricle prevented CA1 neuronal damage in gerbils.55 aFGF has also been reported to prevent CA1 neuronal damage56 and to delay ischemia-induced elevation of intracellular calcium in the hippocampus.57
Nerve Growth Factor
Nerve growth factor is essential for the survival, development, and maintenance of sensory and sympathetic neurons in the peripheral nervous system and central nervous system.58-61 In the central nervous system, the concentrations of NGF and NGF mRNA are the greatest in the cerebral cortex and the hippocampus,62-64 with NGF mRNA being localized to neuronal cells.65-67 NGF is transported retrogradely and axonally from the cortex and the hippocampus, where it is synthesized, to the basal forebrain cholinergic neurons, which are dependent on NGF for their development and maintenance.
In vivo experiments have indicated that neuronal damage in lesioned rat brain is caused by a lack of various growth factors, including NGF.6869 The NGF levels increase in the hippocampus and the cortex after hypoxic injury.70 The Slow, Progressive Neuronal Change Nakano et a183 showed unique, unexpected postischemic changes in the rat brain after 15 minutes of middle cerebral artery occlusion. Intense eosin staining of the nucleus and acidophilic red staining of the cytoplasm by hematoxylin-eosin staining were observed in neurons in the dorsolateral striatum 1 week after ischemia. These changes may be regarded as typical ischemic changes if the time factor is disregarded. However, these cells were present even after 1 month despite marked reduction of the stainability of the protoplasm and changes in the cell morphology. Furthermore, reactive astrocytes, which appeared in a limited area in and around the ischemic lesion immediately to 1 week after ischemia, disappeared after 1 month. 52 The cause of this phenomenon is unknown at present. However, the entire process of cell death occurring over a period of 1 month cannot simply be ascribed to disruption of homeostasis. Nakano et al tentatively speculated (1) that transient ischemia disturbed gene expression of the cells, (2) that the cells gradually changed their morphology and functions while maintaining homeostasis, and (3) that the relationship of the cells with the surrounding tissue was finally disturbed, leading to death after several months due to disruption of homeostasis. This may be an explanation for the degenerative processes triggered by ischemia. Further studies are needed to clarify the mechanism of this delayed cell death. Appearance of bFGF binding sites on the ischemic neurons was mentioned above.
Postischemic Changes in Remote Areas
Nagasawa and Kogure84 detected a retarded neuronal death phenomenon that occurs in ipsilateral remote areas of the brain outside the ischemic areas after transient focal ischemia in rats. After middle cerebral artery occlusion, neuronal damage was produced in the caudate-putamen and the cerebral cortex, which are directly affected by the ischemic insult. In addition, the ipsilateral ventral posterior thalamus and the pars reticularis of the substantia nigra, which lay outside the ischemic areas, were damaged. The thalamus and the substantia nigra, in which neuronal damage was detected after 3 days of recirculation, showed no significant reductions in blood flow. The mechanism of injury in these remote areas cannot be attributed either to energy failure or complications of edema formation. However, both areas have transsynaptic connections with the cerebral cortex and the caudate-putamen, respectively. The damage to these areas may then be secondary neuronal degeneration of cells that send axons to the ischemic areas.
Tamura et a185 showed shrinkage of the ipsilateral thalamus after infarction in the territory of the middle cerebral artery in humans. The ipsilateral thalamic area on computed tomographic scan gradually shrank, and marked atrophy was observed after 1 year in 15 of 33 patients. Their results demonstrate the significance of remote changes over a long period after focal cerebral infarction.
On the other hand, Kato et a186 reported human cases of massive cerebral infarction in the territory of the middle cerebral artery on one side of the brain in which neurofibrillary tangle-bearing neurons were observed in the nucleus basalis of Meynert (nbM) ipsilateral to the infarcts. Tangles were absent or rare in the opposite nbM or in other areas of the brain. Considering the widespread projection of nbM axons to the ipsilateral cerebral cortex, this suggests that formation of neurofibrillary tangles can occur as a retrograde reaction in nbM neurons secondary to massive, old cerebral infarction.
Reconstruction of Neuronal Networks
Onodera et a187 showed that a total loss of CA1 pyramidal cells of the hippocampus after 20 minutes of ischemia in rats was associated with no changes in the thickness of the sector after 7 days. Marked atrophy of the CA1 sector and approximately 40% pyramidal cell loss in the CA3 were observed after 3 months. In addition to this, marked ectopic sprouting of mossy fibers from the granular cells in the dentate gyrus to the supragranular layer of the dentate gyrus and the infrapyramidal layer of the CA3 was evident.
A similar type of marked mossy fiber sprouting was seen after selective lesioning of hippocampal CA3 neurons with kainic acid.88 If fetal hippocampal neurons were grafted into the lesioned CA1 or CA3, mossy fiber invaded the transplants and eventually prevented the posttraumatic aberrant sprouting of mossy fibers.
Presumably, such slow, progressive postischemic processes, including aberrant mossy fiber sprouting, are possible only with ischemia-mediated expression of specific genes, including groups of guide-RNA, or changes in the DNA sequence itself. Prevention of sprouting by hippocampal graft strongly suggests that the grafts and recipient tissue initiate active intercellular membrane communication in an organized fashion to promote reconstruction of lost neuronal network.
Ischemic Damage to DNA Ischemia damages DNA. Tobita et a189 examined whether ischemia injures DNA using in situ nick translation procedure. Single-strand breaks occurred in the CA1 subfield of the hippocampus 1 hour after 15 minutes of ischemia in gerbils, which was 3 to 5 times higher than control levels, indicating that DNA single-strand breaks were accelerated by ischemia. Four hours after recirculation, the injury returned to control levels, suggesting that structural damage of DNA had been repaired. The results demonstrate that ischemia damages DNA structures in the selectively vulnerable CAl. Although DNA single-strand breaks were rapidly repaired within 4 hours after recirculation, it is possible that transient DNA damage aggravates postischemic disturbances in protein synthesis or mRNA transcription. Conclusion As reviewed above, ischemia elicits a variety of changes in gene expression and induces the stress response. Ischemia causes phenomena that are obviously related to the altered gene expression. The response appears first in neurons and glia that are directly affected by ischemia, and then in neurons and glia that are directly affected by ischemia, and then in neurons in remote areas outside of the primary ischemic area; these two regions are transsynaptically connected with each other. These experimental data strongly suggest that neurons react to harmful stresses that may potentially lead to cell death to overcome and survive them. Experimental data suggest that ischemic neuronal death results from inadequate or delayed activation of stress response. Increased mRNA does not always mean increased amounts of protein synthesis. However, the brain that has successfully induced the response is resistant to subsequent lethal length of ischemic insults. Furthermore, experimental data suggest that persistent stressful conditions may induce neuronal plasticity and possibly neuronal degeneration.
The stress response can now be recognized by the presence of specific proteins or mRNAs such as c-fos, HSPs, ubiquitin, and amyloid f-protein. However, a wide variety of harmful stresses, such as elevated temperature, heavy metals, infection, radiation, inflammation, and ischemia, can elicit a stereotypic reaction of stress response.4 It may be noteworthy that some of the products are also observed in the central nervous system of patients with neurodegenerative diseases such as Alzheimer's disease and amyotrophic lateral sclerosis. 90, 91 This may suggest that the neurons have a common pathway of cell death, repair, and survival that is induced by known and unknown harmful stresses. It is also possible that specific gene expression that is directly associated with cell death and survival may be identified in the future.
